Introduction
The atmosphere of Titan is mainly constituted of N 2 and CH 4 . Solar irradiation and electrically charged particles accelerated in Saturn's magnetosphere (Sittler Jr. et al. 2009) induce organic chemical reactions within the atmosphere. These reactions lead to the production in Titan's atmosphere of an opaque layer of organic solid aerosol. To study these Titan's aerosols, it is possible to produce laboratory analogs, the so-called -tholins‖. A discussion on the different experimental setups designed for such a purpose can be found in 
2012, Gautier et al. 2014).
However, each detected mass peak only gives access to the raw molecular formula of the compound whereas, especially for high masses, one formula can be attributed to several different isomeric molecules bearing highly different structures and reactivity. It is then of prime importance to be able to strictly identify the molecules within the tholins, by separating all the isomers. The separation methods mostly used for tholins analysis are pyrolysis GC/MS provide a more comprehensive analysis of the tholins molecular structure with a separation for both polar and charged species.
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4 Therefore, to go further in tholinomics and unveil the degeneracy of the molecular formulae, we separated the tholins soluble fraction by high-performance liquid chromatography (HPLC) coupled to a hybrid linear trap/Orbitrap TM mass spectrometer and compared retention times with those of standard compounds. The method presented in this paper has been developed for Titan's tholins but it could be applied to any complex organic material in the solar system such as meteorite organic soluble matter, kerogens, interstellar ice analogs etc.
Experimental

Tholins preparation and HPLC-HRMS developments
Tholins were produced with a cold plasma in a 95-5% N 2 -CH 4 mixture using the PAMPRE reactor (Szopa et al. 2006 ). They were produced and prepared following the procedure described in Gautier et al. (2014) . These tholins were previously analyzed by direct HR-MS in Gautier et al. 2014 .
For mass spectrometric analysis, tholins were first dissolved in methanol (HPLC grade, Baker) at a concentration of 4 mg.mL -1 , then mixed thoroughly. The resulting solution was filtered through a PTFE 0.2 µm membrane to remove remaining tholins that did not dissolve in methanol (Carrasco et al. 2009 ). HPLC was performed with a HPLC Ultimate 3000 system (Dionex). Three different columns were tested to achieve proper and complementary separation. First we used an octadecyl C18 column 2.1 mm internal diameter (i.d.), 100 mm, particle size 3.5 μm (Zorbax SB-Aq, Agilent technologies), equipped with a guard column and thermostated at 25°C. Elution was performed with a mobile phase of pH=6.85 consisting of 20 mM of ammonium acetate in water (A) and acetonitrile (HPLC grade, Baker) (B) with the following gradient: 0 to 2 min, isocratic with 0% B -2 to 11 min, 0 to 21% B -11 to 13 min, 21 to 100% B then maintaining 3 min at 100% B to rinse the column and finally return to Ultramark 1621 allowing a mass precision below 2 ppm. Data were acquired with a mass resolution set to 100 000 at m/z 450. The experimental resolution m/Δm was determined to be ~200 000 at m/z 150 for both MS and MS/MS measurements.
Molecules of interest; choice of standards
In the present work we aim to determine the exact composition of tholins produced with PAMPRE (introducing 5% of methane in dinitrogen for the gas mixture) by determining the exact composition (formula and structure) of the most abundant peaks detected in the highresolution mass spectrum presented in Figure 1 (Gautier et al. 2014) . Samples analyzed in the present work were produced following the same protocol as the one described in Gautier et al.
2014
. The interest of the method proposed here is to unveil the isomeric ambiguity remaining after high-resolution Orbitrap analysis and exact mass determination. However, the high complexity of the mass spectrum of tholins obtained with the Orbitrap (>15,000 peaks detected) makes an exhaustive analysis of all peaks impossible. We focused here on a limited
set of compounds to be tested with our method.
The compounds of interest for HPLC-MS analysis are chosen based on two criteria. As a first approach, we limit this study to the most intense ions detected in this spectrum that might represent a significant portion of the material composing sample (see table 1 ). Second, we choose the standard compounds depending on their availability and affordability for comparison of retention time.
The complete set of compounds tested can be find in Table 1 for the compounds detected in tholins and in Table SI 1 
Results
The three columns, octadedyl, cyano and aminopropyl, have been implemented for complementary chromatographic separation in regard with known tholins chemical properties.
The octadecyl column, with an apolar stationary phase, has been chosen for reversed phase separation starting with 100% aqueous phase to get maximum retention of polar analytes, 
The complete set of chromatograms is given in the supplementary information together with an example of blank experiment (figure SI7). We provide here an example set of chromatograms at m/z 85 and 98 in the tholins extract and in the mixture of standards, with separation by aminopropyl, cyano and octadecyl columns. Figure 3 shows the different extracted ion chromatograms (EIC) for m/z 85. Figure 3a represents the elution using an aminopropyl column, 3b using a cyano column and 2c using a C18 column. Using the HPLC coupling with high resolution MS we have been able to identify strictly the 1 following molecules in our tholins sample: 3-amino-1,2,4-triazole, cyanoguanidine, 3,5-2
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13 Dimethyl-1,2,4-triazole, 2,4-diamino-1,3,5-triazine, 6-methyl-1,3,5-triazine-2,4-diamine,  3 2,4,6-triaminopyrimidine and melamine (standards 3, 4, 6 to 10 respectively). To our 4 knowledge, and with exception of Cyanoguanidine and Melamine, none of these molecules 5 have been previously reported in the literature to be present in tholins. These results 6 highlighted the importance of separation methods coupled to mass spectrometry to 7 characterize the compounds present in tholins as they present many isomeric species. In direct 8 introduction methods, even with a high-resolution instrument, these isomeric compounds 9 cannot be differentiated and MS/MS spectra would be representative of several compounds 10 thus inducing interpretation errors. Our results indicate that 1-methyl-1,2,4-triazole, 3-11 aminopyrazole, (S)-5-(2-pyrrolidinyl)-1H-tetrazole, 4-amino-2-dimethylamino-1,3,5-triazine 12 and HMT (standards 1, 2, 11, 12 and 13, respectively) are not detected in our tholins sample 13 with the analytical method set up. For standard 5, the result is more ambiguous since there are 14 many isomers detected in the tholins sample; this standard would be confirmed only on the 15 aminopropyl and cyano column. As we consider that the three columns should validate each 16 compound, we would conclude that 3-amino-5-methylpyrazole (standard 5) is not detected in 17 PAMPRE tholins. 18
To provide a rough estimate of compounds concentration in tholins soluble fraction we used 19 the standard addition method. We measured the area of a given compound in the tholins 20 chromatogram (A t ) and the area of the same peak after adding a known amount (C s ) of 21 standard compound in the tholins sample (A ts ). Concentration of this compound in tholins 22 solution can therefore be estimated as C t =(A t *C s )/(A ts -A t ). Concentrations for compounds 23 detected in tholins are given in table 2. We would like to emphasize though that these values 24 represent only a rough estimate of compound concentration in tholins solution. Given the fact 25 that tholins are not 100% soluble (Carrasco et al. 2009 ) and that solubility of tholins might 26 differ from one compound to another, it is impossible to interpret these values as actual 27 
14 concentration within the bulk tholins. However, values provided in table 2 can be used as 28 lower limits for compounds concentration in tholins. 29
34
A compound of interest we were particularly looking for in our sample was HMT (standard 35 13). HMT is a molecule detected in the final products of many astrophysical laboratory 36 experiments, especially the one simulating interstellar ice irradiations (Bernstein et al. 1995 Another possibility would be that HMT is actually produced in the case of He et al (2012) ; 67 but with a mechanism specific to this experiment. Indeed He et al. 2012 used an AC plasma, 68
where the solid samples remains in the reactor for the whole duration of the synthesis whereas 69 the tholins in PAMPRE are dragged out of the plasma after a few minutes. The solid samples 70 are therefore longer exposed to the plasma bombardment in the case of He et al (2012) . tholins, where a single high resolution MS peak can be due to the contribution of a dozen of 105 different isomers. We saw that in such a case two chromatographic columns, at the very least, 106 are necessary for a proper decomposition of the material due to the large variability in polarity 107 of the compounds composing tholins. In case of using only two columns we would 108 recommend the C18 in reversed phase mode and the aminopropyl in hydrophilic interaction 109 mode due to their complementarity. We expect the approach developed in this paper to be 110 easily applicable to other organic complex mixtures of interest for planetary sciences, such as 111 meteorites soluble organic matter or laboratory analogues of cosmic ices. 112
On our sample, we were able to strictly identify seven isomers of the major compounds 113 present in Titan's tholins, and to discard six others including HMT, based on three 114 complementary chromatographic separation coupled to HRMS analysis. All the detected 115 molecules bear nitrogen within their structure and most of them are aromatics. This supports 116 the idea of a tholins formation pathways passing through PANH. 117 
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